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The thesis entitled “Synthetic Studies of Natural Lactones: (–)-Synrotolide Diacetate, (+)-Garvensintriol and Polycavernoside A” has been divided into three chapters.

Chapter I: A Convergent Approach for the Total Synthesis of (–)-Synrotolide Diacetate
 Section A: This section deals with an introduction and previous approaches to synrotolide diacetate. 
Section B: This section describes the total synthesis of synrotolide diacetate.

Chapter II: First Total Synthesis of (+)-Garvensintriol and (+)-5-epi-Garvensintriol
Section A: This section deals with an introduction of some natural lactones. 
Section B: This section deals with the total synthesis of (+)-garvensintriol and (+)-5-epi-garvensintriol                                                                            

Chapter III: Synthetic Studies Towards Polycavernoside A.
Section-A: This section deals with introduction and previous approaches to polycavernoside A. 
Section B: This section deals with the synthetic studies towards polycavernoside A

Chapter I
Section A: Introduction and Earlier Synthetic Approaches for (–)-Synrotolide Diace-tate.
Several natural products possessing α,β-unsaturated lactone rings display major harmacologically relevant properties. Recently, lactones such as anamarine (1), hyptolide (2), spicigerolide (3), synargentolide (4) and synrotolide (5) were isolated from species of Hyptis, Syncolostemon and related genera of the family Lamiaceae (Figure 1). These compounds contain a polyoxygenated chain connected to an unsaturated δ-lactone ring and were found to display excellent cytotoxicity against human tumor cells, as well as antifungal and antimicrobial activity. These excellent bioactivities have encouraged us to take up the synthesis of synrotolide and its diacetate derivative. So far, and to the best of our knowledge, there is only one report on the synthesis of a derivative of this natural product. 

Section B: A Convergent Approach for the Total Synthesis of (–)-Synrotolide Diacetate
In continuation of our research on the synthesis of lactone-containing natural products,9 we herein disclose our strategy towards the synthesis of synrotolide and its diacetate derivative following a convergent approach utilizing Sharpless asymmetric epoxidation, a Grignard assisted lactol opening with a terminal alkyne and a stereoselective Wittig reaction using the Horner-Emmons reagent as key steps. Retrosynthetic analysis of 
synrotolide 5 revealed an intermediate 7 which could be synthesized via a convergent approach utilizing two key fragments 8 and 9. These two fragments in turn could be obtained from readily available D-(–)-ribose and 3-butyn-1-ol (Scheme 1).
The key fragment 8 was synthesized from readily available D-(–)-ribose, by acetonide protection with acetone and conc. H2SO4 to give 11  followed by Grignard reaction with excess methylmagnesium iodide gave triol 12 exclusively, which on oxidative cleavage with NaIO4 yielded lactol 8 in 80% yield (Scheme 2).


The other key intermediate 9 was synthesized starting from 3-butyn-1-ol, accordingly, the alcohol was protected as PMB-ether 13 with NaH and para-methoxybenzyl bromide. Next, the free acetylene was treated with EtMgBr to generate the carbanion and was quenched with paraformaldehyde to afford propargyl alcohol 14. Alcohol 14 was reduced with LiAlH4 in THF to give allyl alcohol 15. Sharpless epoxidation of which with D-(–)-DET and TBHP afforded the epoxy alcohol 10. The primary alcohol was converted to chloride 16 with triphenylphosphine and CCl4 under reflux conditions and then treated with excess lithium in liq. ammonia to give acetylenic alcohol 17 as reported earlier by our group for the preparation of chiral propargyl alcohols. The alcohol was protected as its TBS-ether with TBDMSCl and imidazole to afford 9 (Scheme 3).


With the two intermediates 8 and 9 in hand, we proceeded to couple the in situ metalated acetylene (obtained by treating 9 with ethyl magnesium bromide) with lactol 8 to afford the functionalized intermediate 7 (Scheme 4). 


Diol 7 was protected as diacetate 18 with acetic anhydride and then the triple bond was partially reduced to the cis olefin 19 using Lindlar’s catalyst.  PMB deprotection was achieved using DDQ to give compound 20 (Scheme 5).  


The alcohol 20 on oxidation with Dess Martin periodinane in CH2Cl2 afforded aldehyde 21 which was subjected to Wittig reaction with ethyl(diphenylphosphono)acetate to yield the Z-unsaturated ester 22 exclusively (Scheme 6). 

We envisioned that p-TSA could be used to obtain (–)-synrotolide from 22 in a one-pot reaction via a three-step sequence (TBDMS deprotection, lactonization and acetonide deprotection). However, this reaction was time sensitive and always resulted in inseparable mixture of product.  By increasing the reaction time we are getting tetrol 25 but with no yield of the expected synrotolide (5) (Scheme 7). 










 Attempts to deprotect the acetonide group with p-TSA, PPTS, CSA, amberlyst, acetic acid, 10% HCl, CuCl2.2H2O and FeCl3 resulted in inseparable mixtures of products, formation of tetrol 23 or decomposition of the starting material after prolonged reaction times (Scheme 7). After several unsuccessful attempts to obtain the natural product (–)-synrotolide from 22 we decided to synthesize the diacetate derivative of synrotolide 6. Thus, tetrol 23 was protected as its tetraacetate 6 using acetic anhydride in pyridine. The spectral properties were found to be similar to those reported earlier. 
	







In conclusion, a cabohydrate based convergent method has been described for the synthesis of (–)-synrotolide diacetate. The application of this strategy for the total synthesis of the natural product (–)-synrotolide is under investigation.


Chapter II: 
Section A: This section deals with the introduction of some natural lactones:
Lactone rings are a structural feature of simple to highly complex biologically active natural products. Among them, six-membered lactone moieties are relatively common in various types of natural sources. These natural and designed molecules possess cytotoxic, anti-HIV, apoptosis induction, antileukemic activity and other relevant pharmacological properties. Several bioactive styryl lactones have been reported from goniothalamus species which are found to possess significant cytotoxic activity against several human tumor cell lines. (+)-Garvensintriol (1) was isolated from the methanolic extract of G. arvensis stem bark along with (+)-altholactone (3), (+)- goniotriol (4), (+)-etharvendiol (5) and (+)-goniofufurone (6) (Figure 1).15 The structure of (+)-garvensintriol (1) was determined from IR, 1H NMR, 13C NMR and mass spectral analysis.
The absolute configuration was assigned as (5S, 6R, 7S, 8S), which was different from that of (+)-goniotriol (4) whose absolute configuration (5S, 6R, 7R, 8R) was previously determined by X-ray crystallographic analysis. Because of the wide distribution of the styryl lactone class of natural products in nature with interesting biological activities and to confirm the structure and configuration, we have taken up the synthesis of (+)-garvensintriol (1) and (+)-5-epi-garvensintriol (2).

            
               











Section B: First Total Syntheses of (+)-Garvensintriol and (+)-5-epi-Garvensintriol
The absolute configuration of (+)-garvinsintriol (1) assigned as (5S,6R,7S,8S), which was different from that of (+)-goniotriol (4), whose absolute configuration was previously determined by X-ray crystallographic analysis. Because of the wide distribution of the styryl lactone class of natural products in nature with interesting biological activities and to confirm the structure and configuration, we have taken up the synthesis of (+)-garvensintriol (1) and (+)-5-epi-garvensintriol (2). The retrosynthetic analysis of our approach is shown in (Scheme 1). It was envisioned that (+)-garvensintriol (1) and (+)-5-epi-garvensintriol (2) could be obtained from D-(–)-ribose. The six-membered lactone could be constructed by oxidative lactonization of triol 8. The triol 8 could be obtained from keto derivative 13. The crucial intermediate 9 could be obtained from a Grignard-assisted opening of a known lactol 11 with terminal alkynes 10.

Retrosynthetic analysis of (+)-garvensintriol (1) and (+)-5-epi-garvensintriol (2)


 		      








The synthesis of the key intermediate 11 was obtained from D-(–)-ribose, by isopropylination with acetone, and conc. H2SO4 followed by Grignard reaction with phenylmagnesium bromide gave triol 19 exclusively, which on oxidative cleavage with NaIO4 yielded lactol 11  in 80% yield (Scheme 2).

The lactol ring opening with in situ metalated alkyne (obtained by treating 10 with ethyl magnesium bromide) afforded the anti isomer as the only product in 80% yield. The initial attempt for inversion of secondary hydroxyl center following Mitsunobu protocol was not successful. At this juncture, proceeding further with compound 9 led to the (+)-5-epi-garvensintriol (2) in five steps. To obtain (+)-5-epi-garvensintriol (2), compound 12 was benzylated with NaH and benzyl bromide to afford the dibenzyl derivative 16 in 86% yield. Dibenzyl derivative 13 was also obtained by treating compound 15 with NaH and benzyl bromide in 84% yield. Both acetonide and THP group deprotection with p-TSA in methanol afforded the triol 7 in 89% yields.20 The oxidation of the triol 8 in the presence of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and [bis(acetoxy)iodo]benzene (BAIB) produced the six-membered lactone 14 in 87% yield.21 Finally, deprotection of the benzyl groups with excess TiCl4 in CH2Cl2 at room temperature afforded the (+)-5-epi-garvensintriol (2) in 76% yield (Scheme 4). The assigned structure of (+)-5-epi-garvensintriol (2) was confirmed by IR, 1H NMR, 13C NMR and mass spectral analysis. The product after purification and recrystallization produced single crystals whose X-ray analysis further confirmed its structure and absolute configuration to be (5S,6R,7S,8S) (Figure 2). 

To obtain both (+)-garvensintriol (1) compound 9 was treated with Pd/C under hydrogen atmosphere to obtain the saturated product 12 in 91% yield. The selective protection of the benzyl alcohol with NaH and benzyl bromide followed by oxidation with pyridinium dichromate (PDC) reagent in CH2Cl2 resulted in keto derivative 15 in 77% yield over two steps. The selective reduction under different reaction conditions (Table 1) was studied at this stage to obtain the required syn isomer Out of all the reagents tried, reduction using (S)-2-methyl-CBS-oxazaborolidine afforded the required hydroxyl compound 16 and its epimer 17 in a ratio of 9:1 (by HPLC) (Scheme 4). Both the isomers were separated by silica gel column chromatography. 





Table 1 Results of selective reduction
Entry 							Reducing agents Conditions  	          16/17 Yield (%) 
1   NaBH4                  MeOH, 0 °C, 30 min 	 		1:9  	89
2 	L-Selectride 	        THF, –78 °C, 4 h 	 		1:4  	85
3 	NaB(OAc)3H         THF, –78 °C, 2 h 			 1:4  	90
4 	NaBH4–CeCl3       MeOH, –100 °C, 4h 			 2:3 	 84
5 	(R)-CBS                 THF, –78 °C, 4 h        			1:9  	85
6 	(S)-CBS                  THF, –78 °C, 4 h        			9:1   	82
7 	ZnBH4 					THF, –78 °C, 3 h 			1:9 	80

 









                                            Figure 2. ORTEP diagram of 18
After the synthesis of (+)-5-epi-garvensintriol (2) and confirmation of its absolute configuration by X-ray crystallographic analysis, the synthesis of the natural product 1 was initiated. Starting from intermediate 16 and following the same sequence of reactions as followed for compound 17 to (+)-5-epi-garvensintriol (2) the total synthesis of (+)-garvensintriol (1) was achieved in four steps (Scheme 5).

The spectral data were in good agreement with those of the natural product but the analytical value showed a difference {[α]D25 +70.3 (c = 1.5, EtOH); lit.5 [α]D25 +7.8 (c = 3.3, EtOH)} which might be due to typographical error.
In conclusion, we have succeeded in the concise stereoselective syntheses of (+)-garvensintriol (1) and (+)-5-epi-garvensintriol (2) from a known lactol 11 in nine and six steps with 20% and 37% overall yield, respectively. The absolute configurations of (+)-garvensintriol (1) and (+)-5-epi-garvensintriol (2) have been elucidated. 
Chapter III:
Section A: This Section Deals with the Pyran Ring Containg Molecules, Prins Reaction and Earlier Synthetic Approaches Towards the Synthesis of Polycavernoside A.
 Polycavernoside A (1) was isolated by Yasumoto from the edible red alga Polycavernosa tsudai as a causative toxin of sudden human intoxication in Guam in 1991. There structurally related metabolites originating from the same source were later reported. Since the production of these toxins is seasonal and they are expressed in small quantities, unusual macrolide disaccharides were initially defined. Although the carbon backbone of 1 deviates from that resident in known macrocyclic lactones, some similarity with the smaller trioxadodecane subunit of the aplysiatoxins has been noted. Johnston, while working in his laboratory, has pointed out the considerable structural homology between 
an “unraveled” view of polycavernoside A and the Celmer model of macrolide stereostructure.  


                                                     
                                                                    



Section-B: Synhetic Studies Towards Polycavernoside A.
Our strategy towards the synthesis of  polycavernoside A following a convergent approach utilizing intramolecular prins cyclization, Grubbs ring closing metathesis and Sharpless asymmetric epoxidation as the key steps (Scheme 1). Retrosynthetic analysis of polycavernoside A revealed an intermediate 2 which can be synthesized via a convergent approach utilizing two intermediate 3 and 4. These two fragments in turn could be obtained from readily available 2,2-dimethyl-1,3-propane diol and epichlorohydrin respectively. 
The selective protection of the diol was achieved by treatment with one equivalent of NaH and benzyl bromide to afford 5 in 80% yields. The free primary hydroxy group was oxidized under Swern condition afforded aldehyde which was after work-up immediately treated with phosphonate to obtain α-β-unsaturated ester 6 in a 9:1 ratio (trans:cis) as separable mixture. Compound 6 was treated with DIBAL-H in CH2Cl2 at –78 oC to get allyl alcohol 7. Sharpless asymmetric epoxidation of 7 with (+)-DET and TBHP afforded the epoxy alcohol 8. Compound 8 was converted to its iodo derivative 9 by treating with triphenylphosphine, imidazole, and iodine in ether and acetonitrile (8:2). Following our own developed protocol and subjecting compound 9 to zinc dust and sodium iodide furnished 10.26 Esterification of compound 10 with methacryloyl chloride and triethyl amine as base in CH2Cl2 at O oC to room temperature afforded bis-olefine 11. In order to construct the lactone ring, compound 11 was subjected to ring-closing metathesis (RCM) using Grubbs second generation catalyst in refluxion toluene for 24 h under nitrogen atmosphere gave α-β-unsaturated γ-lactone 12. Compound 12 on reduction and debenzylation with Pd\C under hydrogen atmosphere afforded 13. The alcohol was protected as its TBDPS-ether with TBDPSCl and imidazole in dry CH2Cl2 to yield 3 (Scheme 2).  


Another fragment 4 was constructed starting with epichlorohydrin and upon treatment with benzyl alcohol and sodium hydride in dry THF gave epoxy benzyl ether 14. The racemic epoxide was resolved using Jacobsen’s hydrolytic kinetic resolution. Initially the inactive cobalt (II) was converted to cobalt (III) by using aerobic oxidation with acetic acid in presence of toluene. The reaction mixture was concentrated under reduced pressure; the racemic epoxide and water (0.55 eq) were added to reaction mixture at 0 oC and stirred for 16 h to afford chiral epoxy benzyl ether 15. Reaction of epoxide with the lithiated anion of propyne generated by the sequential treatment with n-BuLi, BF3.Et2O in THF at –78 oC afforded compound 16. Deprotection of benzyl ether and reduction of alkyne to trans alkene was achieved under birch conditions on treatment of compound 16 with sodium metal in liquid ammonia in dry THF at –40 oC for 8 h to give a diol compound 17. The diol was protected as PMB-acetal by a catalytic amount of CSA in dry CH2Cl2 at 0 oC to rt for 30 min to give compound 18. Selective deprotection was achieved by treating with DIBAL-H in dry THF at –78 oC for 2 h to obtain 19. Compound 19 was converted into iodo by triphenylphosphine, imidazole and iodine ether and acetonitrile in the ratio 8:2 to yield iodo compound. This iodo compound on treatment dithaine and n-BuLi in dry THF at –78 oC for 4 h afforded 4 (Scheme 3). 

Having compound 3 and 4 in hand, our next task was to couple both the fragments. Anion generation was achieved with n-BuLi and added to the lactone but the reaction was not successful. Then we tried with different bases like LDA, NaHMDS, LiHMDS, etc and ended up with inseparable mixture of products. When we did the same reaction on lactol that also ended up with inseparable mixture of products. 
From the above observation we concluded that, it is essential to end the addition of dithiane on open chain system and then cyclized to lactone ring. Efforts towards this direction is undergoing in our laboratory. 
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